The Muddy Sandstone in the Powder River Basin (PRB), northeast Wyoming, is a promising reservoir for CO 2 sequestration because: (1) existing wells for hydrocarbon production can be used for CO 2 injection when a field is depleted; and (2) data are available to assess the ability and capacity to trap CO 2 . Here, I provide new data and compile published results to: (1) characterize four oil and gas fields (the Amos Draw, Kitty, Hilight, and Sand Dunes fields) in the PRB with respect to lithofacies, sedimentary environment, sandstone composition, sand-body geometry, and porosity and permeability; and (2) assess the controls on reservoir heterogeneity and the CO 2 sequestration potential.
INTRODUCTION
Carbon dioxide (CO 2 ) sequestration potentially plays a significant role in mitigating release of CO 2 increase into the atmosphere, which may contribute to global warming. Some geologic formations may have the capacity to store a large amount of CO 2 . Depleted hydrocarbon fields are attractive CO 2 sequestration reservoirs because: (1) they have been extensively investigated during hydrocarbon exploration and production; (2) they have data available for simulation modeling to assess the ability and capacity to trap CO 2 ; and (3) they have existing wells for injection. In addition, CO 2 injection can be used to enhance oil recovery if the reservoir is in depletion stages. In recent years, CO 2 storage in depleted hydrocarbon fields has been extensively studied including simulation of CO 2 migration, geochemical modeling, longterm storage integrity, and risk assessment (e.g., Bachu, 2000; Oldenburg et al., 2001; Li et al., 2006; Mito et al., 2008; Tarkowski and Wdowin, 2011) . Generally, the feasibility of sequestration in depleted oil and gas fields depends on the storage capacity of the reservoirs.
Sequestration capacity may vary significantly across geological formations as a result of reservoir heterogeneity. Both structural and stratigraphic factors control reservoir heterogeneity. Structural factors include the abundance, character, and architecture of fractures, faults, and folds. Important stratigraphic factors of the target intervals include sand-body continuity and connectivity, and porosity and permeability. These factors are controlled by depositional environment, sequence stratigraphic architecture, and post-depositional diagenesis. These factors may vary across a range of scales, from: (1) basin-scale changes in sedimentary environment and tectonics; to (2) reservoir-scale changes in lithofacies, sand-body geometry, and stacking patterns; to (3) microscopic-scale changes in porosity/permeability and mineral composition. These reservoir properties constrain the volume available in a subsurface field for CO 2 injection (capacity). Reservoir capacity for CO 2 sequestration may be modeled by computer simulations to enable prediction of flow properties, chemical reactions, and potential environmental impacts after CO 2 injection. For example, a heterogeneous rock body may result in flow paths that disperse and increase storage capacity by increasing the rock-CO 2 contact, whereas a homogeneous rock body may reduce storage capacity by bypassing CO 2 into other formations (Hovorka et al., 2004) .
In this paper, the Lower Cretaceous Muddy Sandstone in the Powder River Basin (PRB), northeast Wyoming, is used as an example to demonstrate stratigraphic reservoir heterogeneity and its influence on CO 2 storage capacity. I examined four oil and gas reservoirs in the PRB to delineate the lithofacies, sedimentary environment, sand-body geometry, sandstone composition, and porosity and permeability of the potential sequestration intervals. These data were obtained from published literature as well as my analyses. The data include: (1) core lithofacies analysis and interpretation of depositional environment; (2) petrographic examination of representative sandstone thin sections; and (3) log correlation of wells. All measured porosity and permeability are compiled from publicly available data at the U.S. Geological Survey (USGS) Core Research Center and the Wyoming Oil and Gas Conservation Commission. The four studied fields are the Amos Draw, Kitty, Hilight, and Sand Dunes (Fig. 1) . The fields are then compared to determine how the various controlling factors influence stratigraphic heterogeneity of the reservoirs and to explore how stratigraphic heterogeneity affects CO 2 sequestration. The cores and wells I studied are represented by their API numbers.
GEOLOGIC SETTING
The PRB in northeast Wyoming is one of the Rocky Mountain intermontane basins that developed during the latest Cretaceous-early Eocene Laramide Orogeny (Dickinson et al., 1988; Fig. 1) . The PRB is bounded on the west and east by the Precambrian basement-involved Bighorn Mountains and Black Hills. It is bounded on the southwest and south by the Casper Arch, Laramie Mountains, and Hartville Uplift. During the Late Cretaceous, the region was located in the Western Interior Seaway (e.g., DeCelles, 2004) . The Cretaceous deposits in the PRB are at least 2 km thick (Robinson Roberts and Kirschbaum, 1995) , which represents significant basin subsidence caused by flexural loading of the Sevier fold-and-thrust belt, and dynamic process induced by the f lat-subduction of the Farallon Plate (DeCelles, 2004; Liu and Nummedal, 2004; Jones et al., 2011) . The displacement of the Bighorn Mountains caused flexure subsidence of the basin during the latest Cretaceous-early Cenozoic, and Cenozoic basin fill is up to 2 km thick in western parts of the PRB (Curry, 1971) . Outcrops of the Muddy Sandstone are present along the flanks of the Black Hills and Bighorn Mountains (Fig. 1) .
PREVIOUS STRATIGRAPHIC STUDIES
In the PRB, the Muddy Sandstone is a major oil-and gas-producing interval and has yielded more than 1.5 billion barrels of oil-equivalent hydrocarbons (Dolson et al., 1991) . The Muddy Formation and equivalent strata are underlain by the Lower Cretaceous Skull Creek and Thermopolis Shales and are overlain by the Upper Cretaceous Mowry Shale ( Fig. 2A) . The Muddy Sandstone is considered as the lower sandy interval of the Muddy Formation, and it includes the Rozet, Recluse, Cyclone, Ute, and Springen Ranch Members ( Fig. 2B ; Martinsen, 1994) . The Muddy Formation also contains an upper shale interval (Shell Creek Shale; Fig. 2B ). The Shell Creek Shale and overlying Mowry Shale are the sealing lithofacies of the Muddy reservoir rock in the four studied fields.
The stratigraphic framework and sedimentary environment of the Muddy Sandstone have been assessed from outcrop and core examinations as well as well-log characteristics in the PRB (Baker, 1962; Eicher, 1962; Prescott, 1970; Gustason et al., 1988; Odland et al., 1988; Weimer, 1988; Dolson et al., 1991; Martinsen, 1994) . Throughout Cretaceous time, marine to marginal-marine sandstone and shale accumulated during transgression and regression of the Western Interior Seaway (Weimer, 1988) . The Muddy Sandstone is one of several sandy intervals that formed in a marginal-marine environment. By studying outcrop, Eicher (1962) suggested that the Muddy Sandstone along the west margin of the PRB was deposited in a shallow-marine environment during a marine transgression. Baker (1962) studied the Newcastle Sandstone, a Muddy Sandstone equivalent, along the east margin of the PRB and interpreted it as fluvial incised-valley deposits. More recent studies, which focused on well-log correlation with limited core description, demonstrate that the Muddy Sandstone is stratigraphically complex, containing a variety of marine and nonmarine lithofacies and many intraformational unconformities Odland et al., 1988; Dolson et al., 1991; Martinsen, 1994) .
The Muddy Sandstone, as described below, has been divided into three genetic packages based on lithofacies and stratigraphic architecture (Dolson et al., 1991; Martinsen, 1994) . They include: (1) an older marine interval, (2) an incised-valley interval, and (3) a younger marine interval (Dolson et al., 1991; Martinsen, 1994) . Based on Martinsen (1994) , the older marine interval (Rozet Member) consists of one or more coarsening-upward, shale-to-sandstone sequences with normal, open-marine trace fossils. The lower part of each sequence displays planar laminations and hummocky cross-stratification, and the upper parts show hummocky to high-angle crossstratified or massive bedding. The Rozet Member is dominantly quartzarenites, sublitharenites, and litharenites. The incised-valley interval (Recluse Member) consists of variable proportions of shale, siltstone, and sandstone and commonly contains thin coal and coaly beds. The sandstone is massive and commonly shows evidence of soft-sediment deformation. The sandstone is quartzarenite and sublitharenite. The younger marine interval (Cyclone, Ute, and Springen Ranch Members) is quartz-rich and consists of coarsening-upward, shaleto-siltstone or shale-to-sandstone sequences showing a variety of well-preserved sedimentary structures.
STUDIED FIELDS
The Muddy Sandstone in the Amos Draw Field is divided into the Rozet (sandstone), Ute (shale), and Springen Ranch (shaly sandstone) Members (Fig. 2B; Von Drehle, 1985; Odland et al., 1988; Martinsen, 1994) . The producing interval in this field is mainly the Rozet Member. There are few published studies from the Sand Dunes Field, where the producing interval is mainly the Springen Ranch Member. The Kitty and Hilight fields are located in two large incised-valley systems that developed to the north and south of the Belle Fourche Arch in the PRB (Fig. 1; Byrd Larberg, 1980; Wheeler et al., 1988; Dolson et al., 1991; Martinsen, 1994) . The two valleys cut into the Skull Creek Shale locally, and thus the lower Muddy Sandstone is completely eroded in many places in the two fields. The Muddy Sandstone presented in the Kitty and Hilight fields is divided into the Recluse, Cyclone, Ute, and Springen Ranch Members, and the Rozet Member exists only at edges of the valleys. The main producing intervals are the Ute Member in the Kitty Field and the Springen Ranch Member in the Hilight Field.
LITHOFACIES AND SEDIMENTARY ENVIRONMENTS

Core Description and Interpretation
I examined 15 cores from the Amos Draw, Kitty, Hilight, and Sand Dunes fields to characterize the lithofacies, constrain the depositional environments, and guide field-scale well-log correlations. The core intervals were subdivided into five major lithofacies, interpreted as offshore, lower-middle wave-dominated shoreface, weathering zone, fluvial incised-valley, and tidal-influenced estuarine depositional environments (Table 1 and .
Gamma-ray Log Responses and Lithofacies
Gamma-ray logs are presented to ensure consistent and accurate representation and interpretation of lithofacies observed in cores, though resistivity and spontaneous potential logs are studied in many wells (Fig. 6 ). In the Amos Draw and Sand Dunes fields, lithofacies F has high gamma-ray values and irregular log response, suggesting that the lithofacies is clay rich and thinly bedded. Lithofacies S1 and S2 show funnel trend representing upward coarsening. Lithofacies S2, however, has low resistivity compared to S1. This is because lithofacies S2 has high kaolinite, and kaolinite does not contain potassium to have high gamma-ray response . Lithofacies S4 displays irregular log response representing interbedded siltstone and mudstone. In the Kitty and Hilight fields, lithofacies S3 is dominated by blocky log response representing wellamalgamated sandstone. Locally the lithofacies is serrated, representing interbedded sandstone and siltstone. Lithofacies S4 displays bell-and serratedshaped responses in the lower half, and blocky and serrated-shaped responses in the upper half. The bell and serrated lower half represents upward fining, and the blocky and serrated upper half represents (Elliott, 1986) . Thinly bedded siltstone and fine-grained sandstone were deposited where occasional storms affected deposition between fair-weather and storm-wave bases (Elliott, 1986; Walker and Plint, 1992) .
Offshore
S1
Coarseningupward sandstone Light brown and gray, planar-laminated, interlayered very finegrained sandstone and siltstone coarsen upward to trough and hummocky cross-laminated or planar-laminated, mediumgrained sandstone. Siltstone beds are bioturbated by Skolithos, Teichichnus, Chondrites, and Paleophycus.
Medium-grained
sandstone is poorly to well sorted and is massive in Kitty and Hilight fields.
Interlayered sandstone and siltstone were deposited above stormwave base (Walker and Plint, 1992; Kamola and Van Wagoner, 1995) . Hummocky and trough cross-stratified sandstone were deposited above fair-weather wave base, and deposition was dominated by shoaling of fair-weather waves (Elliott, 1986; Walker and Plint, 1992) .
Lower-middle wavedominated shoreface
S2
Massive sandstone Creamy white medium-grained sandstone, ~1.5 m thick, occurs only in the upper Rozet Member in the Amos Draw Field. Contains high kaolinite content and abundant root traces . High kaolinite content was due to weathering of feldspar grains . The subaerial erosion of the top of the Rozet Sandstone represents long-term stabilization of floodplain (Miall, 1988) .
Weathering zone
S3
Finingupward sandstone Gray-yellow, massive, coarse-grained sandstone fines upward to planar-laminated, fine-grained sandstone or to massive, medium-grained sandstone. Sandstone is poorly to moderately sorted and contains granule-to pebble-sized intraclasts at the base. Overlies lithofacies S1 and F with erosional base and only occurs in Kitty and Hilight fields. Contains abundant wood debris and thin coal beds. Soft-sediment deformation is common.
Fluvial incised-valley deposits (Van Wagoner et al., 1990 ) that truncate older shoreface deposits and locally incise offshore deposits underlying the shoreface deposits. Fining-upward sequences with erosional bases were deposited as bayhead delta or distributary channels developed in a wavedominated estuary, and the mudstone and coal were deposited as estuarine central-basin deposits (Dalrymple et al., 1992) . Clay drapes suggest that the bayhead delta was influenced by tides (Fenies et al., 1999) . Coarsening-upward sequences are marine shoreface deposits (Walker and Plint, 1992) , suggesting the connection of estuary to open marine environment in the estuary mouth, where wave energy is high during storms (Roy et al., 1980) .
Tide-influenced estuarine Table 1 . Lithofacies and interpretations used in this study. Table 1 . Lithofacies and interpretations used in this study.
RESERVOIR HETEROGENEITY WITHIN THE MUDDY SANDSTONE variation of lithology from well-amalgamated sandstones to interbedded sandstone, siltstone, mudstone, and coal.
Correlation and Distribution of Lithofacies
In both the Amos Draw and Sand Dunes fields, the studied intervals are characterized by two coarsening-upward sandstone bodies of lithofacies S1 sandwiching interbedded siltstone and mudstone of lithofacies S4 . The lower coarseningupward sandstone is the Rozet Member, deposited in shoreface environments, consistent with the interpretation by Odland et al. (1988) , Dolson et al. (1991) , and Martinsen (1994) . The upper Rozet Member changes to lithofacies S2, which is a weathering zone formed during a regional erosion event Martinsen, 1994) . The sandwiched interval of lithofacies S4 is the Ute Member, which represents brackish water or estuarine central-basin deposits. The upper coarsening-upward sandstone is the Springen Ranch Member, which is open-marine, shoreface deposits. In the Sand Dunes Field, the Ute Member contains more sandstone beds. The laterally most extensive and sandy lithofacies are the lower Rozet Member in the Amos Draw Field and the Springen Ranch Member in the Sand Dunes Field.
In the Kitty and Hilight fields, the studied intervals are in the order of lithofacies F changing to S3 with sharp contact, then to S4, and finally to S1 (Fig. 6 ). In some of the studied wells, a lower coarsening-upward sequence of lithofacies S1 overlies lithofacies F. Lithofacies S1 is the Rozet Member, which is completely eroded in the other wells. Lithofacies S3 is a blocky sandstone body, which is the Recluse Member of incised-valley deposits. Lithofacies S4 is mainly characterized by a finingupward sequence overlain by a sandstone-dominated upper interval. In some wells, the upper interval consists of interbedded sandstone and shale. One layer of bentonite occurs in lithofacies S4 and is easily recognized as an interval of high gamma-ray and low resistivity. I correlate the bentonite with the top of the fining-upward sequence, defining the surface as the top of the Cyclone Member, and defining the upper lithofacies S4 as the Ute Member. The thickness of lithofacies S3 and S4 laterally varies. The coarseningupward S1 at the top of the studied intervals is the Springen Ranch Member. Compared to the Kitty Field, the Recluse, Cyclone, and Ute Members are shale prone in the Hilight Field, and the Springen Ranch Member is sand prone and thick in the Hilight Field.
SANDSTONE PETROGRAPHY AND CLAY MINERALOGY
Thin sections from nine cores in the Amos Draw, Kitty, and Hilight fields were examined. These sandstone samples were selected from all the members in the Kitty Field to aid in recognizing relationships between sandstone composition and lithofacies. Samples from the Amos Draw and Hilight fields also were selected to characterize sandstone composition. Forty-five fine-to medium-grained sandstone samples were point-counted following the modified Gazzi-Dickinson method (Ingersoll et al., 1984) . Sandstone composition was determined by identification of 400 grains per slide. Matrix, cement, and pore space features also were counted. Sandstone petrography results are summarized in Table 2 and Figure 7 . Matrix of four samples from the Hilight Field was examined for clay-mineral composition. Matrix (<63 mm) was separated by dry sieving and prepared for XRD analysis by hand grinding in a mortar and pestle. Oriented smears on glass slides were x-rayed with a Scintag XDS 2000 automated powder diffraction system equipped with a solid state X-ray detector at 2° per minute scanning speed. Relative abundance of clay minerals was determined based on peak height. These results (Fig.  8 ) combined with other clay-mineral compositional data made public by the USGS Core Research Center are presented in Table 3 .
XRD results from this study show that clay matrix from the Muddy Sandstone in the Hilight Field is mainly kaolinite and chlorite (Fig. 8) .
Results compiled from the public data show that the clay matrix in the Kitty and Hilight fields is dominated by kaolinite and illite, with lesser amounts of smectite and chlorite (Table 3) . Petrographic study show that total quartz grains, including monocrystalline and polycrystalline quartz, make up more than 70 percent of the total framework grains while feldspar and total lithic grains comprise at most 30 percent (Table 2, Fig.  7 ). Lithic fragments consist primarily of shale grains and to a lesser extent carbonate, biotite, glauconite, and wood fragments. Feldspar grains include potassium feldspar and plagioclase. Petrographic results show that the sandstone samples from the Ute, Recluse, Cyclone, and Springen Ranch Members in the Kitty and Hilight fields contain abundant monocrystalline quartz (>75 percent), but a lesser amount of polycrystalline quartz ( Table  2 ). The abundance of feldspar and lithic fragments are generally low, with the sum less than 10 percent (Table 2) . Samples from the Rozet Member in the Amos Draw Field, however, have feldspar abundance up to 22 percent. They also have slightly higher abundance of polycrystalline quartz and lithic fragments compared to samples from the Kitty and Hilight fields (Fig. 7) . Sandstone petrography results from this study show that matrix content is generally less than 50 percent while the percentages of pore space and cement are low for most samples (Table 2) . Sandstone in the Muddy Sandstone can be classified into four types based on percentage of pore space, carbonate cement, and matrix. Group 1 sandstone is tightly compacted and possesses pore space higher than 10 percent of the volume. This group contains more than 95 percent of monocrystalline quartz, but very small amounts of carbonate cement and clay matrix; sometimes, quartz overgrowth is observed. Microscopic inspection shows that some of the pore spaces were generated by dissolution of feldspars (Fig. 9A) . Group 1 is found in the Ute Member in the Kitty Field and Springen Ranch Member in the Hilight Field (Table 2) . Group 2 sandstone displays minimum pore space and common quartz overgrowths. Quartz overgrowths are recognized by the presence of a dusty rim that separates overgrowth from host quartz grains or by a clay coating on the original quartz grain (Fig. 9B) . Group 2 has more than 90 percent quartz, and some samples have up to 9 percent of shale and carbonate lithic fragments. This group is common in both the Ute and Recluse Members in the Kitty Field (Table  2) . Group 3 sandstone displays minimal pore space, but contains 5-40 percent by volume of carbonate cement, including calcite, dolomite, and siderite. Calcite and dolomite cements are interpreted to have formed during three stages. An early stage of dolomite overgrowth on quartz grains is overprinted by a second stage of calcite filling the pore space between grains. A third stage of dolomite replaces calcite cement (Fig. 9C) . Siderite cement occurs within the calcite cement and displays radial fibrous texture with light brown color under polarized light (Fig. 9D ). This group is found in both the Cyclone and Recluse Members in the Kitty Field (Table  2) . Group 4 sandstone contains 6 -55 percent Odland et al. (1988) and Martinsen (1994) . Four types of post-depositional alteration are summarized from petrographic examination of the sandstone samples. They include: (1) mechanical compaction, which is common in all members; (2) dissolution of grains, particularly feldspars and lithic fragments (found only in Group 1 and 4 sandstone); (3) formation, dissolution, and recrystallization of pore-filling cements, including calcite, dolomite, and smectite, and development of quartz overgrowth (carbonate cements of different stages are common in Group 3 sandstone; quartz overgrowth is found in all sandstone, but is common in Group 1 sandstone); and (4) formation of grain-replacing and pore-filling kaolinite (this is common only in Group 4 sandstone in the Rozet Member in the Amos Draw Field).
POROSITY AND PERMEABILITY
Petrographic study shows that Group 1 sandstone has high porosity (6-23 percent), Group 4 sandstone has porosity varying between 0 and 9 percent, and Group 2 and 3 have porosity generally less than 1 percent ( Table 2 ). The measured porosity of the lower Rozet Member in the Amos Draw Field ranges from 5 to 13 percent, whereas the upper Rozet Member is <5 percent, which results from the high content of kaolinite formed during subaerial weathering of the strata (Martinsen, 1994) . This agrees generally with my point-count data, which shows that sandstone of the upper Rozet Member in well 4900524520 has lower porosity than the lower Rozet Member ( Table  2 ). The horizontal permeability of the lower Rozet Member ranges from 0.01 to 0.3 mD, and the upper Rozet is less than 0.01 mD. The porosity of five cores in the Sand Dunes Field varies between 1 percent and 23 percent, with the highest of 5-23 percent in the Springen Ranch Member (Fig. 10) . The horizontal Table  2 for data. Qt includes monocrystalline and polycrystalline quartz. F includes potassium feldspar and plagioclase. L includes shale fragments, chert, and other grains. permeability is up to 150 mD, and the highest values are in upper parts of the Springen Ranch Member. The porosity of five cores in the Hilight Field varies between 1 percent and 23 percent, with the highest in the Springen Ranch Member (Fig. 10) . This is consistent with my observation that the porosity of studied sandstone samples of the Springen Ranch Member in the Hilight Field is up to 23 percent. The horizontal permeability of Springen Ranch Member is up to 15 mD (Fig. 10) . There are no measured porosity and permeability data available for cores from the Kitty Field. My thin section study of the Kitty Field shows that many sandstone intervals in the Recluse and Cyclone Members are extensively cemented and contain high amounts of clay matrix, whereas the Ute Member has high porosity up to ~13 percent (Table 2) .
ISOPACH PATTERNS Introduction
Isopach maps of the Muddy Sandstone and structural maps of the top of the Muddy Sandstone were constructed based on lithofacies and log responses. Twelve wells in the Sand Dunes Field, 173 wells in the Amos Draw Field, 12 wells in the Kitty Field, and 60 wells in the Hilight Field were correlated (Figs. 6, 11, and 12 
Amos Draw Field
In the Amos Draw Field, the thickness of the Rozet Member is 15-35 ft (5-12 m) and increases to the west (Figs. 6A and 11A ). Although the Springen Ranch Member is also regionally continuous, it is 5-10 ft (2-3 m) thick, significantly thinner than the Rozet Member (Fig. 6A) . The measured depth of the top of the Muddy Sandstone varies between 9,500 ft (2,896 m) and 10,500 ft (3,200 m) below the kelly bushing (KB; Fig. 12A ), and KB is at 4,200-4,700 ft (1,280-1,433 m) above sea level. The thickness of the Rozet Member is high in the east side of the field and low in the west (Fig. 11A) .
Sand Dunes Field
In the Sand Dunes Field, the Rozet Member is shale prone in some wells, whereas the Springen Ranch Member is sandier and more laterally persistent (Figs. 6B and 11B). The Springen Ranch sandstone is 12-32 ft (4-10 m) thick across the field and thickens toward the south and southeast of the field (Fig. 11B) . The measured depth of the top of the Muddy Sandstone varies between 12,400 ft (3,780 m) and 13,100 ft (3,993 m) below KB (Fig. 12B) , and KB is at 5,600-6,000 ft (1,707-1,829 m) above sea level. The top of the Muddy Sandstone in the Sand Dunes Field is the lowest of the four studied fields; it is ~1500 ft (~457 m) lower compared to the top in the Amos Draw Field.
Hilight Field
The Recluse, Cyclone, and Ute Members are not laterally continuous in the Hilight Field, and they generally thin toward the south and north (Fig. 6C) . This interpretation is consistent with that of Martinsen (1994) , which documented that the three members progressively onlap the Skull Creek Shale from northwest to southeast within an incisedvalley. The Ute Member is 4-22 ft (1-7 m) thick and is laterally continuous (Figs. 6C and 11C ). The measured depth of the top of the Muddy Sandstone varies between 8,000 ft (2,438 m) and 10,000 ft (3,048 m) below KB (Fig. 12C) , and KB is at 4,600-5,000 ft (1,402-1,524 m) above sea level. The top of the Muddy Sandstone, which deepens toward the southwest, is the highest in the four studied fields. It is ~2,300 ft (~701 m) higher compared to the top in the Amos Draw Field.
Kitty Field
The thickness of the Recluse, Cyclone, and Ute Members varies across the Kitty Field (Figs. 6D  and 11D ). In general, the Recluse Member contains quartz-dominated sandstone, and the thickness ranges from 5 to 30 ft (2 to 9 m). The overlying Cyclone Member is more silty and shaly and varies in thickness. The Ute Member is dominated by quartzrich sandstone, of 18-28 ft (5-9 m) thick, and it thickens toward the south (Fig. 11D) . The Springen Ranch Member is thin, but laterally extensive. The measured depth of the top of the Muddy Sandstone in the Kitty Field varies between 7,900 ft (2,408 m) and 9,200 ft (2,804 m) below KB (Fig. 12D) , and KB is at 4,100-4,700 ft (1,250-1,433 m) above sea level. The top of the Muddy Sandstone deepens toward the southwest in the Kitty Field, and it is ~1,500 ft (~457 m) higher compared to the top in the Amos Draw Field.
The top of the Muddy Sandstone generally deepens toward the west in the four studied fields. The top is higher in the Hilight and Kitty fields compared to the top in the Amos Draw and Sand Dunes fields. This trend suggests that the basin limb was tilted down to the west after deposition, most likely caused by flexural loading by growth of the Bighorn Mountains during the Laramide Orogeny (e.g., Flores and Ethridge, 1985) . 
DISCUSSION
Reservoir Heterogeneity of Muddy Sandstone
Characteristics of high-quality subsurface reservoirs for CO 2 sequestration include high porosity, high permeability, high abundance of reactive Ca-, Mg-, and Fe-bearing non-carbonate minerals, great thickness, and good continuity of sandstone intervals (e.g., Holloway, 2001; Kharaka et al., 2006) . These characteristics vary for the Muddy Sandstone within each of the reservoir intervals, resulting in reservoir heterogeneity. The most favorable interval for sequestration within the Muddy Sandstone varies in the four studied fields. The primary reservoir in the Amos Draw Field is the lower Rozet Member because of its high thickness, high porosity and permeability, high feldspar abundance, and high sand/mud ratio compared to the Springen Ranch Member. The primary reservoir in the Kitty Field is the Ute Member, resulting from its high porosity (up to ~30 percent). Both the valley-fill deposits of the Recluse Member and estuarine deposits of the Cyclone Member in this field are thick and sandy. They have low porosity and permeability, however, because of extensive cementation, high matrix content, and large vertical and lateral variations of lithofacies. These variations result in reduced CO 2 sequestration capacity and ability. The primary reservoir in the Hilight Field is the Springen Ranch Member. The stratigraphic complexity in the Hilight Field is similar to the Kitty Field, and the valley-fill deposits in the Hilight are more shale prone in comparison to the Kitty. The Springen Ranch Member is laterally thick and consistent, with high porosity and high permeability, and thus it is the best interval for sequestration. The primary reservoir in the Sand Dunes Field is the Springen Ranch Member because of its greater thickness, high porosity and permeability, and high sand/ mud ratio compared to the Rozet Member. 
New Sequence Stratigraphic Framework
Sequence stratigraphy provides a useful way to interpret the large-scale architecture of reservoir development in the four fields studied in the PRB. Previous studies discussed the significance of major unconformities (Gustason, 1988; Gustason et al., 1988; Weimer, 1988; Ryer et al., 1990; Martinsen, 1994) in the Muddy Sandstone in the PRB. Sequence stratigraphic evolution of the Muddy Sandstone in the Hilight Field was also discussed previously (Donovan, 1995) . In this paper, I use the sequence stratigraphic concepts of Van Wagoner et al. (1990) to explain the reservoir distribution within the Muddy Sandstone in each of the fields studied (Fig. 9) . The sequence stratigraphic interpretation from this study is based on the work of authors listed in this section ('New Sequence Stratigraphic Framework') as well as my interpreted depositional environment (Table 1) .
The underlying Skull Creek Shale and equivalent Thermopolis Shale were deposited during the first incursion of the Cretaceous seaway into Wyoming during Albian time and are interpreted to represent an early highstand systems tract. Onset of Muddy deposition took place as a shoreface environment prograded from northwest to southeast across the PRB when sea level started to fall (Gustason, 1988; Gustason et al., 1988) . This marine regression formed the lower-shoreface deposits of the Rozet Member in the Amos Draw and Sand Dunes fields and possibly in the Kitty and Hilight fields. The Rozet Member in the Sand Dunes Field to the south of the other fields is finer in grain size and is inferred to have been deposited farther offshore. The Rozet is interpreted as a late highstand systems tract. Subsequent sea level fall resulted in incision into the older shoreface deposits. The incision is evident as NW-SE trending paleovalleys in the Kitty and Hilight fields, whereas the upper Rozet Member in the Amos Draw Field and interfluve in the Kitty Field experienced erosion as the region remained as a paleohigh (Martinsen, 1994 ). This unconformity is described as lowstand surface of erosion in previous studies (Weimer, 1988; Martinsen, 1994) and is interpreted herein as a sequence boundary (Fig. 13) .
Subsequent infilling of the valleys consists of fluvial and estuarine Recluse and Cyclone Members in the Hilight and Kitty valleys and the Ute Member in all the fields. The depositional environment and thickness of the Ute Member vary laterally, depending on the degree to which the valleys were filled by the end of Cyclone deposition. The Ute Member in the Amos Draw and Sand Dunes fields was deposited in a restricted, brackish-water environment. As a result, the Ute Member in the two fields contains abundant shale. In contrast, the Ute Member in the Kitty and Hilight fields represents shallow-water environments including estuaries or barrier islands; as a result, it is locally very sandy (Martinsen, 1994; Fig. 13 ). This study interprets the Recluse, Cyclone, and Ute Members as a lowstand systems tract and the depositional surface at the top of the Ute Member as a transgressive surface. Subsequent marine transgression toward the northwest resulted in a change from the estuarine environment to an open-marine environment. I interpret the lower-shoreface deposits of the Springen Ranch Member and open-marine deposits of the Skull Creek Member as a transgressive systems tract. The maximum flooding surface is situated within the overlying Mowry Shale (Bohacs et al., 2005) . The Muddy Sandstone and the overlying Mowry Shale represent one depositional sequence. Because the depositional span of the Muddy Sandstone is at most five million years, my research suggests that the depositional sequence is a third-order depositional sequence (Van Wagoner et al., 1995) .
Diagenesis
The distribution of diagenetic alterations observed in this study can be explained by the changes in relative sea level and rates of sediment supply during deposition. Late highstand systems tracts are characterized by aggradation and progradation of shoreline in response to high sedimentation rate and decrease of relative sea level rise (Van Wagoner et al., 1990) . Lowstand systems tracts are characterized by high sedimentation rate associated with decreased rate of relative sea level fall (Van Wagoner et al., 1990) . Sediments formed in late highstand and early lowstand systems tracts, particularly in wet climatic conditions, may be subjected to pedogenic processes when the sea level drops, resulting in substantial silicate dissolution and kaolinization (Nedkvitne and Bjørlykke, 1992; Morad et al., 2000; Ketzer et al., 2003; Morad et al., 2010) . The high kaolinite concentration in the upper Rozet Member in the Amos Draw Field is interpreted to have formed under these conditions . This also explains why sandstone in the fluvial Recluse Member in the Kitty and Hilight fields experienced substantial silicate grain dissolution. Silicate dissolution forms clay minerals and secondary silica, and it probably caused quartz overgrowth and high matrix content in some sandstone bodies in the two members.
Transgressive systems tracts are characterized by sediment starvation during rapid relative sea level rise (Van Wagoner et al., 1990) . Carbonate cementation is a common feature of transgressive systems tracts. That is particularly the case on flooding surfaces, because of the abundance of carbonate bioclasts, organic matter, bioturbation, and prolonged settling time of the sediments (e.g., Al-Ramadan et al., 2005; Morad et al., 2000 Morad et al., , 2010 . Carbonate cementation is through diffusion of dissolved Ca 2+ , Mg 2+ , and HCO 3 -from the overlying seawater. Diffusion is enhanced by the presence of abundant carbonate bioclasts, which act as nuclei for the precipitation of calcite (e.g., Taylor et al., 2000; Al-Ramadan et al., 2005) . Therefore, the first stage of carbonate cement in the Recluse and Cyclone Members in the Kitty Field may be an early diagenetic product precipitated during the marine transgression of the Springen Ranch and Skull Creek Members. Subsequent sea level fall promotes migration of meteoric water and subsurface fluids, which facilitates dissolution of carbonate cement, thereby producing secondary pore space. The secondary pore space may be filled by carbonate cement during other transgressive systems tracts during the Late Cretaceous. Thus, I suggest that the second and third stages of carbonate cementation observed in the Recluse and Cyclone Members in the Kitty Field may have happened during subsequent transgression of the Western Interior Seaway.
Implications for CO 2 Sequestration
Reservoir stratigraphic heterogeneity does not only impact CO 2 sequestration capacity by controlling reservoir porosity, thickness, and lateral continuity. It may also impact ability for CO 2 sequestration by influencing fluid-flow pathways, post-injection chemical reactions, and types and amounts of micro-porosity.
Reservoir heterogeneity affects the lateral and vertical continuity of permeable compartments and thus impacts patterns of fluid flow and potential CO 2 migration (Meyer and Krause, 2006) . Lowershoreface sandstone of the Rozet and Springen Ranch Members are relatively homogeneous and laterally continuous. Permeability values tend to increase up-section in coarsening-upward sandstone sequences, as is typical for shoreface deposits. Simulation models demonstrate that CO 2 injected into lower-shoreface sandstone tends to migrate upward to the top of the sandstone sequences and then spread laterally as a thin plume (Hovorka et al., 2004) . In addition, the subaerial erosion on the top of the Rozet Member in the Amos Draw Field represents long-term stabilization of f loodplain (Miall, 1988) . The fine-grained sandstone of the Ute Member in the Amos Draw Field and the Shell Creek Shale in the Sand Dunes Field have good lateral continuity along with low porosity and permeability, and thus are an ideal seal for CO 2 storage in this unit. Therefore, the Rozet Member in the Amos Draw Field and the Springen Ranch Member in the Sand Dunes Field have the greatest potential for CO 2 sequestration. Fluvial and estuarine sandstone in the Kitty and Hilight fields are heterogeneous and discontinuous, which limit the volume for CO 2 storage. These isolated mudstone, siltstone, sandstone, and coal beds are local in scale and would not be strong inhibitors to horizontal flow. They may act as a baffle to vertical flow, however, slowing the rise of buoyant fluids to the seal (Bryant et al., 2008) .
Understanding the potential for dissolution of minerals in the reservoir is significant because the possibility for eventual precipitation of carbonate minerals capable of trapping CO 2 over geologic time scales depends on the availability of cations that would be provided by dissolution of these mineral precursors (Xu et al., 2004; Peters, 2009 ). The Muddy Sandstone contains both detrital and authigenic minerals that could potentially be reactive when CO 2 is injected. Mineral dissolution rates are several orders of magnitude higher at low pH (pH of ~3 or 4), which would be expected when CO 2 is injected and which would cause the formation of brines to become undersaturated (Kharaka et al., 2006) . Geochemical modeling also shows that the pH of formation brines can drop significantly (Parry et al., 2007) . The pH drop related to CO 2 injection could cause dissolution of Fe-bearing clay minerals, potentially mobilizing associated trace metals that are commonly adsorbed onto iron oxides or organic compounds (Kharaka et al., 2006) . Carbonate minerals would be highly reactive in CO 2 -generated acid brine. Carbonate cements of four stages are found in the fluvial incised-valley lithofacies in the Kitty Field, and they are expected in the f luvial incised-valley lithofacies in the Hilight Field. The dissolution of carbonate cement potentially provides important ions for the formation of long-term carbon-sequestering mineral phases. Zones with abundant clay matrix are also found in the Recluse and Cyclone Members in the Kitty and Hilight fields. Clay matrix, particularly illite and chlorite, contains iron. These iron-rich silicate minerals may react with CO 2 and increase the sequestration capacity. Remnants of dissolved feldspars are found in the Rozet Member in the Amos Draw Field, providing mineral surfaces for potential reaction with CO 2 filling the pores.
Stratigraphic heterogeneity also affects the amount, types, and geometry of micropores within the sandstone. Clay authigenesis promotes an increase in specific surface area and the creation of microporosity (Eslinger and Pevear, 1988) . Clay rims, especially illite, on quartz grains inhibit quartz overgrowth and maintain the sandstone porosity. The large surface area generated by authigenic clays can deteriorate the effectiveness of surfactant and polymer solutions in CO 2 storage because of the tendency of these chemicals to adsorb on clay surfaces and be lost from circulation (Kalpakci, 1981) . Diagenetic clay minerals can also control the retention rate of CO 2 . An example is that smectitic clays would favor a higher retention of CO 2 , especially in acidic environments (Venaruzzo et al., 2002) . This aspect may particularly influence the CO 2 capacity in the lower Rozet Member in the Amos Draw Field as well as the fluvial incised-valley lithofacies in the Kitty Field because of high matrix content.
Future Work
This study provides a background framework for identifying and evaluating reservoir heterogeneity on CO 2 sequestration in the Muddy Sandstone of the PRB, northeastern Wyoming. Though this study identified four potential intervals for CO 2 sequestration, realization of the maximum possible storage capacity requires more detailed understanding of the textural and mineralogical variability that will influence the fate of injected CO 2 . Additionally, simulation of CO 2 injection in these fields is still lacking, which requires more data related to variables such as hydraulic pressure, temperature, structural setting, and brine chemistry. This study recommends that future work include: (1) more detailed studies of mineralogy focused on specific authigenic phases and pore characteristics; and (2) experimental evaluation of the effects of exposure to CO 2 -charged brines under conditions of elevated pressure and temperature. Such studies should provide important parameters for reactive transport modeling, fluidflow modeling, and fluid-pressure modeling, and they will improve understanding of CO 2 injection into depleted oil and gas fields.
CONCLUSIONS
Sedimentologic, petrographic, and mineralogical analyses of the Muddy Sandstone in four oil and gas fields in the PRB, northeast Wyoming, demonstrate the reservoir heterogeneity that occurs throughout the formation. The heterogeneity is a result of spatially variable depositional environment, relative sea level change, and type and extent of diagenetic alteration.
The Muddy Sandstone contains five major lithofacies, representing offshore, lower-middle wave-dominated shoreface, weathering zone, fluvial incised-valley, and tidal-influenced estuarine depositional environments. The Muddy Sandstone in the Amos Draw and Sand Dunes fields includes the Rozet Member, deposited in wave-dominated shoreface, and Ute Member deposited in an estuarine central-basin environment, and the Springen Ranch Member of wave-dominated shoreface deposits. In the Kitty and Hilight fields, the incised-valley deposits of the Recluse Member eroded the Rozet Member locally, and the overlying Cyclone and Ute Members, deposited in estuarine environments, contain thick sandstone bodies. The Springen Ranch Member of lower-shoreface deposits occurs in both the Kitty and Hilight fields. Sandstone bodies formed in wave-dominated shorefaces are laterally extensive and of equivalent thickness in each field. The ones formed in incised-valley and estuarine environments, in contrast, have variable thicknesses and lateral extents.
Sandstone petrographic analysis shows that quartz makes up more than 70 percent of the total framework grains, and the percentage of feldspar is generally less than 5 percent, except for the Rozet Member in the Amos Draw Field, which is up to 22 percent. Muddy Sandstone can be divided into four groups based on the relative abundance of pore space, carbonate cement, and matrix, and the sandstone types are closely related to depositional environment. Dissolution of feldspar and lithic fragments is commonly observed, enhancing the porosity. XRD results show that the pore-filling clay minerals include kaolinite, chlorite, illite, and smectite, which destroy porosity. Four stages of carbonate cementation are observed, including early dolomite overgrowth, secondary calcite filling, dolomite replacement, and spotty siderite cementation. Both the secondary porosity generated by feldspar dissolution and diagenetic carbonate cementation may enhance potential for CO 2 sequestration by providing reactive mineral surfaces and calcium ions for the formation of long-term carbon-sequestering mineral phases.
A sequence stratigraphic model is proposed to explain reservoir development of the Muddy Sandstone in which it, along with the overlying Mowry Shale, represent one third-order depositional sequence. The Rozet Member represents an older, late highstand systems tract. The unconformity at the top of the Rozet Member is a sequence boundary. The Recluse, Cyclone, and Ute Members are components of a lowstand systems tract, and the depositional surface at the top of the Ute Member is a transgressive surface. The Springen Ranch Member and the overlying Skull Creek Member are components of a transgressive systems tract.
R e ser voi r c h a rac ter i z at ion i n t he fou r fields suggest that the best reservoir interval for sequestration in the Amos Draw Field is the lower Rozet Member, in the Sand Dunes and Hilight fields is the Springen Ranch Member, and in the Kitty Field is the Ute Member. Reservoir heterogeneity is controlled by depositional environment, sea level changes, and post-depositional diagenesis. I suggest that realization of the maximum possible CO 2 storage capacity in the Muddy Sandstone in the PRB requires detailed understanding of the textural and mineralogical variability that will influence the fate of injected CO 2 . This study recommends that computer simulations be conducted to improve understanding of injections in depleted oil and gas fields.
